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The rapid advances in processor, memory, and radio technology enable the development of
small, inexpensive sensor nodes that are capable of sensing, computation, and communi-
cation. However, the severe energy constraints of the sensors present major challenges
for long-term applications. In order to achieve sustainability, environmental energy har-
vesting has been demonstrated as a promising approach. In this work, the energy utiliza-
tion scheme is investigated for wireless sensor networks with energy harvesting nodes.
The energy utilization system is divided to three parts: energy harvesting, energy consuming
and energy storage. Then the sustainability problem is formulated as an energy flow control
problem. An energy flow control system, called EFCon, is proposed to keep the balance
between energy supplies and demands. EFCon consists of two phases, energy flow direction
control and flow rate control. In the phase of energy flow direction control, the system
dynamically switches among four patterns: flood flow, direct flow, compensate flow, and
backup flow, according to current environmental energy condition and the residual energy
condition. Once the energy flow direction is determined, a corresponding energy flow rate
control strategy will be adopted for efficient energy utilization. The EFCon is implemented
and validated by a long-term deployment in real testbeds. The experimental results indi-
cate that the EFCon outperforms existing designs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The rapid development in micro-electronics and sensor
technology has promoted the wireless sensor networks
(WSNs) to be a promising technology for environment
monitoring, military surveillance and scientific research.
WSNs consist of hundreds of working nodes deployed in
a large-scale field to collect, process and transmit useful
information to remote base station for further study.

We have deployed the GreenOrbs system (http://
www.greenorbs.org) [1], one of largest sensor networks in
the world, to collect various sensory data including temper-
ature, humidity, illumination, and carbon dioxide from a
forest. One of our objectives is to maintain the sustainabil-
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ity of the network for at least 1 year, which is also demon-
strated to be necessary for other applications of sensor
networks. In GreenOrbs, hundreds of sensor nodes, each
powered by a pair of rechargeable NiMH AA batteries, are
deployed in the forest. The load varies over a large range,
microwatts in standby and milliwatts when active [2], thus
a sensor node equipped with two AA batteries can only sur-
vive a few days in 100% duty cycle. Therefore, harvesting
energy from the environment has been widely recognized
as a promising approach to ensure the sustainability of
the network.

From the perspective of energy utilization, the energy
supplying system of WSNs consists of three parts, as
shown in Fig. 1, the energy harvesting device, energy con-
suming device and the energy storage device. The thick
black arrow in Fig. 1 stands for the direction of energy
flows, where the thickness degree of arrow indicates the
rate of energy flow.
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Fig. 1. Energy utilization in WSNs.

o The role of energy harvesting device is to harvest envi-
ronmental energy to power the sensor node, which is
similar to the producer in macroeconomics.

e The energy consuming device utilizes the harvested
energy to support various work loads, such as sampling,
communication, and computing. It is similar to the con-
sumer in Macroeconomics.

e The energy storage device is used to store energy, har-
vested from environment, and it provides power to
the external sensor node. It plays the role of either the
producer or consumer in different conditions.

In order to achieve the sustainability, an energy flow
control system is required to keep the residual energy in
the battery above a certain threshold. The energy flow con-
trol system is analogical to a water conservation system.
The energy storage can be considered as a water tank,
which collects water from upper reaches of the river and
raining, and meanwhile supplies water for drinking, gener-
ating electricity, irrigation, etc.

There are three major challenges in the energy flow
control system:

e It is difficult to precisely predict the harvested energy.

e The energy utilization pattern is relatively complicated
and application-specific.

« Different energy storage devices have their own charac-
teristics, for instance, the ultra-capacitor suffers from
energy leakage while the Li-ion battery has shut-down
voltage to prevent the battery from over-discharging.

In this work, we mainly address the problem of how to
handle these challenges mentioned above and achieve bal-
ance between energy harvesting and consuming. We for-
mulate the problem as an energy flow control problem.
Essentially, the goal is to keep the residual energy level
in the energy storage of the node above a certain threshold
in case of urgent events, for example, making a sentry node
be able to send out its last warning before dying.

For the purpose of controlling the energy flow in WSNs,
we design a novel solar powered energy utilization system
named EFCon. The solar [2] panel, the Li-ion battery, and
TelosB [3] node are used as the energy harvesting device,
the main battery, and the external sensor node, respectively.

The main contributions of this paper are as follows:

e We formulate this energy utilizing problem as an
energy flow control problem.

e We design a method to control the directions of energy
flow among the three parts of the energy supplying sys-
tem for WSNs.

e We propose a novel dynamic adjusting algorithm of
duty cycle, sampling rate or local data aggregation gran-
ularity to control the energy utilizing rate.

The rest of this paper is organized as follows. Related
work is described in Section 2. Section 3 discusses the en-
ergy flow control problem we formulated. Section 4 gives
the details of energy flow control system, EFCon. System
implementation and evaluation are presented in Sections
5 and 6, respectively. Finally, Section 7 concludes the
paper.

2. Related work

Aiming at the WSNs, researchers have designed several
systems harvesting energy from human activity and envi-
ronment, such as solar, wind [4], vibration [5], and thermal
[6]. Compared to the sensor node powered by batteries
only, the energy is no longer finite, and the quantity of data
to be transmitted are not limited as well.

Solar powered WSN catches lots of researchers’ atten-
tion in recent years because of its convenience, environ-
ment friendliness, and sustainability. Ting Zhu designed a
leakage-aware energy synchronization system, called
TwinStar [7], taking ultra-capacitor as the only energy
storage. Regard of its high leakage, TwinStar controls the
leakage at a stable level by introducing a feedback control
technology. But the big volume and high cost make it an
unperfect choice for long-term deployment. Besides, there
are some other systems based on solar power, such as Trio
[8], AmbiMax [4], PUMA [9], and Heliomote [10,11].

For single node with energy harvesting, there are few
studies on energy management and scheduling. More
attentions are paid to the miniaturization of solar power
system and increase of the transformation rate between
environmental and electrical energy. For instance, the
Maximum Power Point Tracker (MPPT) [12], which is de-
signed to regulate the load condition and make the solar
panel work on its MPPT condition. However, in real
cases, there are plenty of factors affecting the
transformation rate that may degrade the performance
of MPPT.

For the network with energy harvesting, there are many
studies on network-scale energy management and sched-
uling with energy harvesting. Recently, Yang developed a
reliable storage service, called SolarStore [13], that adap-
tively trades off storage reliability vs. energy consumption
in solar-powered sensor networks. Uniform Sensing Proto-
col (USP) [14] is a protocol that makes the whole network
monitor the environment on average throughout the entire
lifetime. However they did not mention how to predict the
diversification of environmental energy, nor the influence
of duty cycle on the energy.
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Considering that existing researches do not take energy
flow into account, we first propose the EFCon system to
manage the energy flow and thus maintain the sustainabil-
ity of the network. The EFCon system is based on our pre-
vious hardware platform SolarMote [15], which is able to
supply sustainable energy to sensor nodes in several real
applications.

3. Problem formulation

In WSNs, energy utilization is considered to be a critical
problem. To our best knowledge, there is few work on the
balance between the energy generation and consumption
for WSNs. We formulate the energy utilization problem
as an energy flow control problem, which is illustrated in
Fig. 2, and thus propose a novel energy flow control meth-
od named EFCon in Section 4.

3.1. System description

In our system, we adopt a well-recognized solution by
introducing three components, the solar panel, the Li-ion
battery, and the TelosB node. The functions of these com-
ponents are as follows:

e Solar panel: harvests environmental energy, and trans-
fers it to electric energy.

e Li-ion battery: saves and supplies electric energy.

e TelosB node: collects, measures, and processes useful
information, including energy profile for further use.

Obviously, the energy flows through the solar panel, Li-
ion battery, and TelosB node. There are four energy flow
patterns according to different energy utilizing methods,
as shown in Fig. 2.

e The solar panel provides the energy to both Li-ion bat-
tery and TelosB node (the green arrow marked with 1).!

e The solar panel solely provides the energy to TelosB
node (the blue arrow marked with 2).

e Both the solar panel and the Li-ion battery provide
energy to the TelosB node (the pink arrow marked
with 3).

e The Li-ion battery solely provides energy to the TelosB
node (the red arrow marked with 4).

The thickness of each arrow indicates different energy
flow rate among components, and the energy flow rate
can be controlled by an energy flow rate control algorithm,
which is described in detail later.

3.2. Challenges

3.2.1. Solar energy

Compared to other energy sources, such as wind, piezo-
electricity, vibration and thermal, solar energy is demon-
strated to be the most attractive energy source in the

! For interpretation of color in Figs. 2-6, 9-13, the reader is referred to
the web version of this article.

Li-ion TelosB
Battery

Fig. 2. Energy flow pattern.

nature because of its high energy density and low fabrica-
tion cost. However, the solar panel cannot supply stable en-
ergy because of the variation of weather, location and time.
Besides, the energy harvested by solar panel is usually
unpredictable. Fig. 3a plots the energy harvested by two so-
lar panels in two different locations in 1 day. It is obvious
that these two energy harvesting patterns are significantly
different from each other. As shown in Fig. 3a, weather plays
an important role in a solar-powered system. Taking the so-
lar panel A for example, with the direct sunlight, the gener-
ated current increases in the morning, and reaches the peak
at noon. In the afternoon, the current declines with a slight
fluctuation because of the cloudy weather. In addition, the
energy gain is not in complete accordance with the lumi-
nous intensity. As shown in Fig. 3b, the luminous intensity
remains stable (around 1400) throughout the daytime, and
drops to 0 suddenly after sunset.

3.2.2. Energy storage characteristics

To store the harvested energy, researchers have pro-
posed to use rechargeable batteries, e.g. NiCAD, NiMH, or
Li-ion [11,12]. However, the common drawback of these
batteries is the limited capacity.

In this paper, we choose Li-ion battery as the main bat-
tery due to the following reasons: (1) it can be formed into
various shapes and sizes to fit the different devices; (2) it is
lighter than other energy storage with equal energy space,
such as ultra-capacitor; (3) the high open circuit voltage
can be obtained in comparison to other rechargeable bat-
teries, such as NiCAD and NiMH; (4) it does not suffer from
memory effect and has a extremely low self-discharge rate
of approximately 0.1% per month, compared with over 30%
per month for common NiMH batteries and 10% for NiCAD
batteries; and (5) the Li-ion battery has a higher power
density than other batteries.

However, the Li-ion batteries can be extremely danger-
ous if mistreated, such as overheated, over-charged and
over-discharged. To reduce these risks, Li-ion batteries
are usually equipped with a small protection circuit in or-
der to shut down the battery when the battery is charged
to 4.2V (over-charge voltage) or discharged to 2.7V
(over-discharge voltage). Therefore, in normal use, the
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battery is prevented from being deeply discharged. In a
real energy flow control system, a threshold voltage should
be established to make the sensor node alive and maintain
the reliability of the whole network.

3.2.3. Sensor working load

Depending on the working load, the energy consump-
tion mode of the sensor node is very complicated. In order
to investigate the impact of different workloads on the en-
ergy consumption of each sensor node, we conducted a
series of experiments, as shown in Fig. 4. We analyze dif-
ferent sets of active components (LED, Light Sampling, Idle
Listening, and Sending Packet) and workloads (5%, 10%,
50% and 100%) by sampling the working current. Here,
without loss of generality, we only choose four typical duty
cycles of sensor node, i.e. 5%, 10%, 50% and 100%, to show
the impact of different duty cycles on the energy cost.

As shown in Fig. 4, the duty cycle setting has a direct
impact on the power consumption. In other words, the
duty-cycled sensor nodes use less energy, due to the fact
that the current is less than 0.3 mA when the sensor node
is sleeping. The energy consumed by different active com-
ponents is also different, among which the Sending Packet
component depletes 2 mA more current than that of Idle
Listening, about 22-20 mA. The Light Sampling component
cost nearly 0.4 mA, the least among all components, and
the LED costs only 3 mA.

3.3. Goal

Essentially, the ultimate goal of this work is to design a
strategy to achieve the energy balance among solar panel,
Li-ion battery and the TelosB node. To be specific, under
the circumstance of limited energy storage, we propose a
novel scheduling scheme ensuring a threshold of the resid-
ual energy, so that the sensor node can send essential
messages before dying, thus keep the whole network
sustainable.

4. Energy flow control

The control of energy flow in WSNs is of great impor-
tance, analogical to the water controller in the water

Application | Environment .
Layer Monitoring Data Analysis
(];?utly ! ! Real Time
yele Data
Control c Energ{ . Duty Cycle
Laver onsumption Adjusting
y Scheduling
Energy Control
Information Signal
Hardware | Energy Energy Weather Energy
Layer Harvesting Storage Sensing Sampling

(a) System Architecture

conservation system. The control process consists of two
phases: (1) the flow direction control, and (2) the flow rate
control. In the first phase, the flow direction is determined
by the current condition of both environmental energy and
energy storage. Once the flow direction is fixed, the process
enters the second phase, where the flow rate will be ad-
justed accordingly.

4.1. Flow direction control

The flow direction control is used to dominate the
direction of energy flow from one component to another.
The flows have four patterns:

e Flood Flow (FF) pattern

The FF pattern appears when the environment provide
huge amount of energy resources to fill the energy stor-
age tank and power the energy consuming device
simultaneously. In other words, the solar panel harvests
the solar energy to charge both the Li-ion battery and
power the TelosB node.

Direct Flow (DF) pattern

The DF pattern is that the environment provides energy
to the energy consuming device while the storage is
standby. This mode always appears as the follow-up
pattern of FF, when the environmental energy is suffi-
cient and the energy storage is full. In this mode, the
solar panel power the sensor node alone with the Li-
ion battery standby.

Compensate Flow (CF) pattern

The most novel mode is the CF pattern, in which the
weak energy harvested by the solar panel from the
environment could not power the sensor node all alone.
In order to fill the energy gap, the Li-ion battery sup-
plies certain amount of energy. Under this circum-
stance, the utilization of environmental energy can be
maximized.

Backup Flow (BF) pattern

The BF pattern means the energy storage supplies
energy to the energy consumption device, i.e. the Li-
ion battery powers the sensor node alone, when the
environmental energy is not available, usually at night
or in bad weather.

(b) EFCon Prototype

Fig. 5. Overview of EFCon system.
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The transition among these four patterns is triggered
automatically by the condition of the environmental en-
ergy supply that is closely related to external weather as
well as the voltage condition of the internal energy storage
device. As a key step of pattern transition, the changes of
energy flow direction are controlled by an intelligent cir-
cuit board and the software on the TelosB node.

First of all, the sensor node samples the condition infor-
mation including the luminous intensity, the environmen-
tal energy supply and the present residual energy of the
Li-ion battery. The FF pattern will be activated if the envi-
ronment energy is higher than that of Li-ion battery and
the battery energy is not full. After the battery is charged
to its full capacity, the DF pattern is triggered. If the envi-
ronmental energy cannot support the work of sensor node
alone, the CF pattern will be activated. And if the environ-
mental energy is extremely low, the BF pattern will be trig-
gered. Algorithm 1 describes the procedure of the pattern
transition.

Algorithm 1. Transition procedure of energy flow patterns

Input: Environmental energy supplying level: Eg,,
residual energy level of Li-ion Battery: E;;, luminous
intensity: L;yminous

Output: Pattern of energy flow

while True do

Delay TDeIay:
Sample Ej; and Egy;
if Ep, > E[;&&E;; < Eg,; then
L Pattern: Flood flow;
if Eii = Eru then
Pattern: Direct flow;
if EEn < ELBound&&LLuminous < LLBound then
L Pattern: Backup Flow;
else
I L Pattern: Compensate flow

4.2. Flow rate control

The target of solar powered system is to make sensor
networks sustainable. Existing solutions mainly focus on
adjusting the duty cycle or sampling rate of the sensor
node.

In EFCon, the energy flow rate is controlled based on the
workload and the flow direction. Let Wsy. denote the
working load of basic task the sensor node should do and
Wiugges: denote an addition small working load suggested
by the application. In FF pattern, the sensor node works
on Wagsic + Weygges: until the battery reaches the full. Then
the DF pattern is triggered, and the sensor node works on
a maximum working load, W)y, according to the environ-
mental energy condition. In order to keep the sustainabil-
ity, in both BF and CF pattern, the sensor node works on
its Whgsic mode to accomplish the basic tasks while saving
energy as much as possible.

In the water conservation system, the flow rate of water
is determined by the real purpose, such as drinking, irriga-
tion, and generating electricity. Similarly, the energy flow
rate in WSNs is determined by their applications. As to

our best knowledge, the main methods of controlling en-
ergy flow rate are (1) duty cycle, (2) sampling rate, and
(3) data aggregation. The method will be chosen according
to the real application.

5. System implementation

Solar cell generates the most energy when fully illumi-
nated, and light levels under typical shrubs are typically five
percentor less of bright sunlight[16]. In addition, the weath-
er also plays an important role in solar powered system. In
the east costal regions of China, the weather chops and
changes dramatically, thus the solar panel cannot generate
sufficient electricity. Therefore how to extract the limited
energy even under bad weather becomes a challenge. If we
can make full use of those potential energy, and set the bat-
tery as a compensational power, the remaining energy in the
Li-ion battery will be maximized at the end of each day.

5.1. System description

The uncontrollability and unpredictability of environ-
mental energy is a critical obstacle for a sustainable sensor
network. Therefore we propose a three-layer design of
EFCon as shown in Fig. 5a, and a prototype of EFCon is
shown in Fig. 5b.

The hardware layer harvests the environmental energy
by the energy harvesting circuit, and uses the Li-ion bat-
tery as the unique energy storage device to power the
external TelosB node. The key component in the hardware
layer is an intelligent circuit, whose functions include (1)
monitoring the weather condition by coordinating with
the Telosb node, (2) sampling the current residual energy
of Li-ion battery as well as the current harvesting energy,
and (3) controlling the energy flows among the different
components.

The control layer executes the energy utilization strat-
egy based on the current condition of Li-ion battery and
the environment. There are two main conditions the con-
trol layer would face, energy-rich case and energy-poor
case. In the energy-rich case, the control layer straightly
triggers the signal to change the current direction to the
secondary voltage stabilizer and charging circuit simulta-
neously. In the energy-poor case, for the purpose of sup-
porting the sustainable working the sensor node, the
control layer signals the hardware layer to lead the insuffi-
cient environmental energy to the preceding stabilizer and
sparks the Li-ion battery to compensate it.

In the application layer, a TinyOS program samples the
present output voltage of solar panel, the voltage of Li-ion
battery and other useful information, such as the illumina-
tion intensity, temperature and humidity. They all serve as
important parameters for the control layer. And this appli-
cation runs on its own schedule provided by control layer
according to the residual energy budget.

5.2. Hardware design

Fig. 6a shows a generic system architecture block of our
implementation. The EFCon is an add-on circuit board,
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Fig. 6. EFCon hardware design.

whose size is only 66 mm x 32 mm. It bridges solar panel,
Li-ion battery, and external TelosB node together. The cir-
cuit consists of two switches and an intelligent power cir-
cuit with two DC/DC converters for stabilizing the power of
external node. The corresponding printed circuit board is
shown in Fig. 6b. Due to the space limitation, we only ex-
plain a few features of the EFCon design in the rest of the
section.

5.2.1. Control switches

In traditional solutions, solar panel and energy storage
device, e.g. Li-ion battery, are connected through a diode
[17], which is used to lead the current direction and pre-
vent the backflows. Unfortunately, the typical forward
voltage drop of a diode is 0.5 V, which means the solar pa-
nel’s output voltage Voo must be 0.5 V higher than that of
the battery Vyq. If the voltage of the power supplied by the
solar panel is not high enough, even if it is relatively high,
the diode will still disconnect the solar panel from the bat-
tery, resulting in a waste of energy. Consequently, the en-
tire network may fail for a certain period of time.

The first contribution of this prototype is replacing
diode with a switch that is composed of a pair of triodes:
a PNP and a NPN, as shown in Fig. 7. The typical forward
voltage drop of a diode is 0.5V, in other words, slight en-
ergy will be wasted in this diode. Alternatively, we use
the PNP to connect the solar panel and the secondary DC/
DC converter, with the emitter PNP connected to the for-
mer and the collector of PNP connected to the latter. The
base of the PNP is connected to the collector of a NPN by
a 4.7 kQ resister. The emitter of the NPN is connected to
the ground and the base of the NPN is connected to the
GPIO port of the TelosB node. The external TelosB node
controls the switch through its GPIO pin. Because the for-
ward drop voltage between the collector and emitter of
the triode is nearly 0 when the triode saturates, the TelosB
sensor node can control the patterns of energy flow with
little additional energy cost.

As shown in Fig. 6a, there are two switches in this cir-
cuit board. The coordination of these two switches can lead
the current direction according to the four energy flow pat-
terns. In FF and DF patterns, the switch 1 will be ON and
the switch 2 will be OFF. When both switch 1 and switch

A4

47K

7X /
<

Fig. 7. Control switch.

2 are ON, the CF pattern is activated. In BF pattern, the
switch 1 will be OFF and the switch 2 will be ON.

5.2.2. Intelligent power circuit

In order to harvest the fluctuating ambient energy even
under bad weather, the supplying voltage should be stabi-
lized. On the other hand, the open voltage of Li-ion battery,
ranging from 2.7V to 4.2V, should be stabilized into an
output voltage of 3.3V, which is typical for sensor node.
In our prototype, we propose a novel solution of dual-con-
verters for providing stable power according to different
energy flows.

Because of the energy fluctuation, we choose an effi-
cient step-up DC/DC converter (TPS61220 from TI, as
shown in Fig. 8) as the proceeding converter, which con-
nects the solar panel and terminal output. Normally a
DC/DC converter draws energy and obtains working power
from the energy source directly, assuming enough energy
can be supplied by it. We change the typical circuit of
TPS61220 by separating the input of L and VIN pin because
of the unique feature of our prototype. The basic idea is
that, although the startup voltage of this IC is extremely
low, in some cloudy weather, the power harvested by the
solar panel cannot provide enough power to the compo-
nents and be generated to a higher voltage power. Thus
we connect the L pin to the solar panel through an induc-
tor, and the VIN pin to the Li-ion battery to guarantee
working power. Therefore, even with a low environmental
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energy supply, this converter can still work. This converter
is triggered in the CF pattern, and is controlled by the Tel-
0sB node.

A buck-boost DC/DC converter is placed as the terminal
converter. It is used to stabilize the massive varying volt-
age from both Li-ion battery and solar panel to sensor
working voltage.

5.2.3. External sensor node

Some other system, like TwinStar, supports two exter-
nal sensor nodes: a working node and an optional compan-
ion node [7]. The two nodes are powered separately, with
the working node powered by a ultra-capacitor, and the
companion node powered by an additional battery. This
design prevents the companion node’s interfering with
the working node [7]. However, such design will introduce
extra hardware cost moderately.

In our EFCon platform, one TelosB node is attached to
our system, as the unique working node. This node is pow-
ered by both the environmental energy and Li-ion battery.
Besides the data sampling, processing, and wireless com-
munication, the special capabilities of the TelosB in EFCon
are as follows:

e Sampling the voltage of the Li-ion battery periodically.

o Sampling the output voltage of solar panel periodically.

o Controlling the energy flow direction by GPIO port on
TelosB.

o Controlling the energy flow rate by dynamically adjust-
ing duty cycle, sampling rate, and executing data
aggregation.

The one-node design may increase the software burden
constantly. Because of the energy constraint during the
startup phase, we initially charge the Li-ion battery to its
full capacity. At this time, the secondary converter will
be driven directly by the Li-ion battery, and the TelosB
node will be triggered. Once the sensor node starts work-
ing, the following strategy can be conducted consequently.

5.3. Software design

Our software is based on TinyOS 2.1, which is a widely
used component-based operating system for WSNs, and
the size of our program is less than 35 kB. We introduce
two GPIO ports to control the two switches on the circuit
board respectively, and two ADC12 ports to monitor the
energy condition of both environment and battery. The
luminous intensity is sampled through light sensor on Tel-
osB node.

At the very beginning, we sample the necessary infor-
mation, such as environmental energy, battery energy,
and luminous intensity. Then, we compare the two energy
levels and the luminous intensity, the energy flow pattern
will be decided subsequently. The TinyOS program will
trigger relevant electronic signal to control two switches
toggling between ON and OFF.

On the other hand, the program running consumes
slight energy. Therefore, the control process will be accom-
plished within a short time, and follow a fixed energy flow
control strategy. For example, the luminous intensity will
be sampled occasionally because the luminous intensity
of daytime or night rarely changes.

6. Evaluation

To evaluate the performance of the proposed EFCon sys-
tem, we implement a real testbed, as shown in Fig. 9. The
system consists of 10 sensor nodes powered with EFCon
system. Based on this testbed, the performance of EFCon
system under different weather conditions is tested. Fur-
thermore, a long-term experiment is conducted over one
month from the early June to July in Hangzhou, China.
The experimental results show that the EFCon system per-
forms pretty well for real applications.

6.1. Charging and discharging measurement

Firstly, we test the charging and discharging pattern of
our system under different scenarios. The charging
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Fig. 8. Function block diagram of TPS61220.
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Fig. 9. EFCon testbed.

experiment is conducted outdoor with moderate sunshine.
As shown in Fig. 10a, the charging pattern is presented as
the voltage vs. luminous intensity. We only present the
pattern of one typical sensor node here because of limited
space. The experimental results show that the charging
procedure consists of two stages, which is determined by
the chemical feature of the Li-ion battery. From the very
beginning, the Li-ion battery is charged with a high cur-
rent, when its voltage increasing rapidly. After the time
that the voltage almost reaches its full capacity, the charg-
ing current will decrease to an extremely low level until its
capacity is full.

We also test the discharging pattern under the circum-
stance without any environmental energy to be harvested.
The duty cycle of the sensor node is set to 10% with all LEDs
on. Fig. 10b show the voltage curve when discharging of
the Li-ion battery with capacity of 1700 mAh. The voltage
of the Li-ion battery declines moderately as providing en-
ergy to the external sensor node at the first few hours.
When its energy is nearly exhausted, it stages a dramati-
cally drop before the protection circuit working automati-
cally when the voltage reaches to approximately 2.7 V.

6.2. Short-term experiment
As mentioned before, the energy flow has four patterns:

FF, DF, BF, and CF. To evaluate the short-term performance
of the proposed EFCon system, an experimental sensor
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Fig. 11. Short-term experiment.

network is deployed on the roof of a teaching building
for 4 days. The duty cycle is set to 5% for each sensor node.

The experimental results are shown in Fig. 11. The en-
ergy of Li-ion battery is almost in its full capacity, with
the voltage fluctuating around 4 V. In the second day, the
sun is shining brightly and EFCon enters its FF pattern. As
a result, the energy is charged to about 4.2 V, which is
the highest nominal value of Li-ion battery. In the after-
noon, EFCon turns to its DF pattern, and the energy in the
Li-ion battery starts to power the external TelosB node
when the sunshine decreases. In the following 2 days, the
weather promotes the system stays in DF pattern in the
daytime, and the BF pattern at night.

The energy utilizing pattern is presented in Fig. 12. The
two curves stand for the results of the sensor network with
two different sampling rates under the same cloudy
weather during 3 days. The sampling rate of the red curve
is set to 50%, while that of the blue one is set to 10%. The
experimental results show that the energy flow rate will
be controlled by the sampling rate and the sensor node
could experience a longer lifetime with a suitable sampling
rate.

6.3. Long-term experiment

We took a long-term experiment over one month with
the weather changing including cloudy, rainy and sunny
and we have collected over 20,000 valid data in total. The
system collect light luminous intensity and temperature
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Fig. 10. Charging and discharging pattern.
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Fig. 13. Long-term experiment.

in the forest with 10% duty cycle. We intercept an piece of
data across 8 days, which is shown in Fig. 13.

Experimental results show that the sensor network
maintains sustainability over 30 days without interrupted
by shortage of energy. The fact that the residual energy
stays above a certain level has validated the energy flow
control system. In the daytime, EFCon enters FF or DF pat-
terns and the Li-ion battery is charged. While in the night,
the EFCon turns into BF pattern, with the energy dropped
continually. As shown in Fig. 13, in the seventh day, there
is packet loss lasting for a while. Based on the energy flow
control strategy, the residual energy in Li-ion battery stays
around an optimistic level during the whole experiment
period.

7. Conclusion

In this paper, we formulate the energy utilizing problem
in WSNs as an energy flow control problem. We present an
energy flow control system, called EFCon, which enables
WSNs to work in a more sustainable way. We further pro-
pose an approach which is able to switch among four en-
ergy flow patterns automatically, and design a feasible
solution to control the energy flow rate. The EFCon system
is implemented with a novel circuit board and software
and its performance is evaluated by both short-term and

long-term experiments. Currently, we are working on a lar-
ger scale deployment to evaluate the network sustainabil-
ity of WSNs.
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